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I.  Introduction 
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A  laser-assisted  collision  (LAC)  is  one  involving  a  combined  collisional- 
radiatlve  interaction.  A  typical  laser-^assisted  collision  can  be  written 
as  a  reaction  of  the  form 

At  +  ltd  .4  Af  ,  (1) 

where  |l>  and  |F>  are  COmpo&<A£.  initial  and  final  states,  respectively,  of 
atoms  A  and  A*  which  are  undergoing  the  collision,  and  ft  is  the  frequency 
of  the  laser  field  which  produces  the  transition  from  initial  to  final 
state.  The  eigenkets  |l>  and  |f>  may  be  expressed  in  terms  of  the  indi¬ 
vidual  atomic-state  eigenkets  as  |l>  =  |i>|i*>,  |f>  =*  where  un¬ 

primed  states  refer  to  atom  A  and  primed  states  refer  to  atom  A'.  Laser- 
assisted  collisions  have  been  classified  into  two  broad  categories.  First, 
there  are  the  so-called  "optical  collisions"  [1]  Collisionally-Aided 
Radiative  Excitation  (CARE)  [2]} involving  reactions  of  the  form 

A4  +  Al-  +1?fi  -  Ai  +  *f'  ’  I  (2) 

in  which  the  state  of  atom  A  is  unchanged.  The  transition  from  state  i’ 
to  f*  in  atom  A'  is  accompanied  by  the  absorption  of  a  photon  of  frequency 
which  is  assumed  to  be  non-rajronant  with  the  i'-f1  transition  frequency. 
Consequently*,  the  role  of  thp'colllaion  is  to  provide  or  extract  transla¬ 
tional  energy  to  compena^rle  for  the  energy  defect  between  the  photon  and 
transition  frequencies.^  Second,  there  are  the  so-called  "radiative  colli¬ 
sions"  1 3 J  (or  Laser-Induced  Collisional  Excitation  Transfer  (LICET)  {4) 
or  Radiatively-Aided  Inelastic  Collisions  (RAIC)  [2]}  involving  re¬ 
actions  of  the  form 

Ai  +  Ai*  +  ™  -*•  Af  +  Aft  .  (3) 

in  which  both  atoms  change  their  Internal  state.  Any  difference  between 
the  photon  and  Composite)  initial  to  final  state  transition  frequency  can 
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again  be  compensated  by  a  corresponding  change  in  the  translational  energy 
of  the  colliding  atoms.  Reviews  of  both  CARE  and  LICET  can  be  found  in 
the  literature  [5], 

In  a  typical  LAC  experiment  16,7],  atoms  A  and  A*  are  contained  in  a  cell 
or  in  a  heat  pipe  oven.  Pulsed  laser  radiation  is  used  both  to  produce 
the  initial  state  |l>  (in  LICET  experiments)  and  also  to  provide  the  pho¬ 
tons  of  frequency  ft  which  drive  the  laser-assisted  collision.  The  LAC 
cross  section  is  measured  as  a  function  of  detuning 

A  *  ft-u>FI  »  ft  -  (Ep  -  (4) 

of  the  applied  laser  field  frequency  from  the  over -all  transition  frequency 
u)pi«  The  LAC  excitation  profile  which  emerges  from  such  studies,  as  shown 
in  Fig.  1,  exhibits  a  marked  asymmetry  about  Ai^  =  0  *  collision 


-5  0  5  10  15 


ATC 

Fig.  1.  Typical  laser-assisted  collision  profile  [cross  section  o 
(arbitrary  units)  as  a  function  of  dimensionless  detuning 
Atc) showing  a  long  quasistatic  tail  for  A  >  0. 

duration).  The  long  tail  occurring  for  positive  At^  in  Fig.  1  is  referred 
to  as  the  quasistatic  wing,  while  that  part  of  the  profile  which  drops 
off  rapidly  for  negative  At^  is  referred  to  as  the  antistatic  wing. 

In  general  there  has  been  both  very  good  qualitative  and  very  good  quanti¬ 
tative  agreement  between  theoretical  and  experimental  LAC  profiles.  The 
line  shape  asymmetry  is  explained  in  terms  of  quasimolecular  resonances 
which  occur  for  one  sign  of  the  detuning  but  not  the  other.  The  good 
agreement  between  theory  and  experiment  encouraged  -everal  groups  to  ex¬ 
amine  LAC  in  more  detail.  As  a  result  of  this  work  [8, 9],  theoret leal 
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and  experimental  LAC  cross  sections  were  obtained  for  final  magnetic- 
state  polarization  as  well  as  final-state  total  population.  By  studying 
both  the  magnetic-state  and  total  LAC  cross  sections,  one  can  obtain 
rather  detailed  information  about  the  A-A*  interatomic  potential  [8].  In 
this  paper,  I  will  concentrate,  for  the  most  part,  on  a  discussion  of 
total  rather  than  magnetic-state  LAC  cross  sections. 


It  would  appear  that  there  is  not  much  left  to  discuss,  given  the  relative¬ 
ly  good  agreement  between  theory  and  experiment.  While  the  agreement  be¬ 
tween  theory  and  experiment  44  good,  it  is  by  no  means  perfect.  In  par¬ 
ticular,  there  has  been  a  persistent  and  Systematic  disagreement  between 
theoretical  predictions  and  experimental  observations  for  the  fall-off 
with  At^  of  the  quasistatic  wing  of  LICET  profiles.  Theory  [5]  pi  edicts 
a  |A|-°'5  fall-off  for  a  dipole-dipole  collisional  interaction,  while 
experiment  [10-12]  often  reveals  a  dependence  which  varies  more  like 
|a|-°*8.  Even  if  one  modifies  the  theory  to  allow  for  alternative  colli¬ 
sional  interactions,  there  is  no  way  to  consistently  account  for  this 
discrepancy  within  the  context  of  the  conventional  theory. 


It  is  the  purpose  of  this  report  to  review  a  simple  generalization  of  the 
conventional  theory  [13,14]  which  leads  to  much  better  agreement  between 
theory  and  experiment  in  the  quasistatic  wing  of  the  LICET  profiles.  The 
results  also  can  be  applied  to  the  analysis  of  a  recent  CARE  experiment 
carried  out  by  Niernax  [15].  The  basic  theory  of  LAC  using  a  quasimolecular 
picture  is  presented  in  Sec.  II.  The  LAC  cross  section  in  the  quasistatic 
wing  is  expressed  in  terras  of  a  number  of  parameters  which  are  evaluated 
In  Sec.  III.  The  parameters  are  evaluated  using  a  modified  version  of 
the  conventional  theory  which  allows  one  to  take  into  account  the 
contributions  from  a  nearly  resonant  intermediate  state.  This  is  the  three 
state  model  referred  to  in  the  title  of  this  paper.  A  comparison  between 
theory  and  experiment  is  given  in  Sec.  IV. 

II.  Review  of  CARE  and  LICET 

Both  the  CARE  and  LICET  reactions  are  represented  schematically  by  Eq.(l), 
in  which  a  single  photon  of  frequency  ft  from  a  field  having  amplitude 
is  absorbed  during  a  collision,  taking  the  atoms  A  and  A*  from  some 
initial  composite  state  |l>  *  |ii’>  to  a  final  composite  state  JF>  ■  |ff>. 
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To  simplify  the  discussion  somewhat,  the  following  assumptions  or  approxi¬ 
mations  will  be  made  throughout  this  paper;  (1)  LICET  and  CA&E  cross 
sections  are  calculated  to  lowest  non-vanishing  order  (E^)  of  the  applied 
radiation  field.  (2)  The  field  frequency  is  nearly  equal  to  the  composite 
frequency  associated  with  the  I  -*■  F  transition,  such  that  |  (ft-Wpj)  / 

|  <<1  (resonance  or  rotating-wave  approximation)  .  (3)  Any  Doppler 

dephasing  or  atomic  decay  can  be  neglected  on  the  time  scale  of  the  dura¬ 
tion  of  a  collision,  t  .  (4)  The  laser  pulse  duration  Tt  is  much  greater 

C  L 

than  the  collision  duration,  implying  that  a  collision  is  totally  com¬ 
pleted  during  the  laser  pulse.  (5)  Only  detunings  in  the  line  wings, 

| A | tc  >  1,  are  considered.  Conditions  (4)  and  (5),  taken  together,  imply 
that  |d|tL  »  1,  which  In  turn,  implies  that  there  ia  negligible  transir 
tion  amplitude  in  the  absence  of  collisions.  (6)  The  A-A'  internuclear 
separation  R  Is  calculated  along  a  classical  trajectory  and  can  be  con¬ 
sidered  as  an  explicit  function  of  time.  (7)  In  the  absence  of  the  radi¬ 
ation  field,  collisions  do  not  result  in  transitions  out  of  initial  state 
|l>  (there  are  no  resonant  A-A'  collisions). 

Both  CARE  and  LICET  can  be  created  by  a  similar  formalism.  The 
Hamiltonian  for  the  A-A'  system  interacting  with  a  radiation  field  is 

H  -  Hq(?)  +  H,[?,£(t)]  -  uT<E(R,t)  (5) 

where  H  is  the  sum  of  atomic  Hamiltonians  for  atoms.  A  and  A'  (r  represents 
the  electronic  coordinates  of  either  atom  A  or  A*),  Hc[r,it(t)]  is  the 
A-A'  collisional  Hamiltonian,  -  p  +  p'  is  the  sum  of  dipole  operators 
p  and  p  for  atoms  A  and  A',  respectively,  and  E(t)  is  the  applied  field, 
assumed  to  be  of  the  form 

f(c)  -  ij[foe'inc  +  ?*ei!5tl.  (6) 

It  is  convenient  to  expand  the  wave  function  as 

|*(t)  >  -  I£  aE(t)]E(R)>  ,  (7) 

where  |E(R)>  Is  a  short-hand  notation  for  |E[R(t))>.  The  quantity 
(E(R)>  is  an  instantaneous  eigenket  of  (Hq  *  H  );  that  is 

[Hq  +  Hc(R))|E(R)>  =  E(R)  |  E(R)>  .  (8) 

When  Eq.  (7)  is  substituted  into  the  SchrSdinge  equation  and  Eq.  (8)  is 
used,  one  finds  that  the  a£(c)  satisfy 
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i*aE(t)  -  E(R)a£(t)  -  £  <E(R) |uT| E' (R)>-£(t)aE, (t) 

E 1 

-  it>  l  <  E(R)^'-(-R--  a  ,(t)  .  '  (9) 

EVE  ’ 

It  is  noted  that  Hc(R)  ~  0  as  R  —  00  ;  consequently,  the  eigenkets  |E(R)> 
reduce  to  the  composite  state  eigenkets  | E>  *  |ee’>  of  as  R  approaches 
infinity. 


By  assumption,  collisions  do  not  produce  any  transitions  in  the  composite 

AA'  system  in  the  absence  of  any  radiation.  Consequently,  the  last  term 

in  Eq,  (9)  can  be  dropped  since  it  corresponds  precisely  to  transitions 

of  this  nature.  The  resulting  equation  for  a_(t), 

E 


=■  E(R)a  (t)  -  £  <  E < R)  |  u  J E' (R)>-E(t)a  (t). 


can  be  given  a  simple  Interpretation  in  terms  of  a  quasimolecular  picture 


of  the  reaction.  The  A-A'  8ystem  can  .be  viewed  as  a  quaslmolecule  with 


energy  eigenvalues  E(R)  and  corresponding  eigenkets  |E(R)>.  The  field 
induces  transitions  between  quasimolecular  states  ]E(R)>  and  )E'(R)>  which 
depends  on  the  dipole  matrix  element  <E(R) | ^ | E' (R) >.  The  validity  con¬ 
dition  for  Eq.  (10)  is  discussed  in  more  detail  in  Sec.  III. 


In  the  rotating-wave  or  resonance  approximation,  Eq.  (10)  yields  the 
following  set  of  time-evolution  equations  for  the  initial  and  final-state 
amplitudes: 

iTia:  -  EI(R)aI  -  (11a) 

iT.ax  -  EF(R)af,  -  •hXT(R)e'lntaI  .  (lib) 

The  Rabi  frequency  x^lR(t))  appearing  in  Eq.  (11)  is  defined  by 

<F(R) [o |I(R)>.£ 

Xt(R) - ^ - 2-  ,  (12) 

where  the  field  amplitude  Eq  is  evaluated  at  the  time  of  the  collision. 

It  will  prove  useful  to  define 

wfi(R)  -  (EyCR)  -  Ej(R)]/fi 

"  “FI  +  UFI(R)  ’  (13) 


■s 
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where  w  (R)  is  the  transition  frequency  in  the  molecular  basis,  u>__  is 
r  1  r  1 

the  transition  frequency  in  the  separated-atom  basis  [w  (R)  ~  u>  as 

r  1  FI 

R  '~°°],  and  U  (R)  =  w  (R)  -  u)  is  the  collision-induced  modification 
FI  FI  FI 

of  the  separated-atom  transition  frequency.  We  are  interested  in  the 

solution  of  Eq.  (11)  for  |a  (°°)  |  to  lowest  order  in  E  ,  assuming  the 

F  O 

atoms  are  in  state  |I>  *  |ii*>  at  t  «  •  •  (before  the  collision).  This 
solution  is  given  by 

-i/*  ro  MR(t#)]dt' 

|aF(”) |  =  xT[R(t)]  e  dt|,  (14) 

where 

A(R)  =  ft  -  a)  (R) 

FI 

■  A  -  UpI(R)  ,  (15) 

and  A  is  given  by  Eq. (A). 

It  can  be  seen  from  Eqs.(l4)  and  (15)  that  the  final-state  amplitude 
3^(00)  can  be  viewed  as  a  single-photon  transition  in  the  A-A*  quasimole- 
cule  between  levels  separated  in  frequency  by  Wp^R).  The  coupling 
strength  is  given  by  xT(R)«  The  detailed  structure  of  the  CARE  or  LICET 
cross  section,  defined  as  the  value  of  |aF(°°)|2  averaged  over  the  dis¬ 
tribution  of  collision  impact  parameters  and  A-A'  relative  speeds,  depends 
on  the  functional  form  of  X-j.00  and  U^^R).  In  the  line  wings  ( ( A ( >  1), 
however,  the  qualitative  dependence  of  both  the  LICET  and  CARE  cross 
sections  on  A  is  similar.  Suppose,  for  example,  that  the  relative  colli- 
sional  shift  U^tR)  increases  monotonically  with  decreasing  R  (see  Fig.  2). 


Fig.  2.  Quasimolecular  energy  levels  for  a  laser- 
assisted  collision.  The  frequency  shift 

Un(R>  *  WFI^  *  WFI  increases  wich 
decreasing  R.  For  the  frequency  shown, 
the  excitation  occurs  at  an  internuclear 

separation  R  *»  R  . 

o 


719 


Then,  there  are  intemuclear  separations  for  which  A(R)  =  0  if  A  >  0,  but 

none  if  A  <  0.  Another  way  of  stating  this  result  is  that  the  applied 

field  can  be  resonant  with  the  A-Af  quasimolecule  for  A  >  0  but  not  for 

A  <  0,  if  Upj(R)  >  0.  As  a  consequence  of  this  asymmetry,  the  CARE  and 

LICET  cross  sections  exhibit  a  marked  asymmetry  for  detunings  |a|t  >  1. 

For  the  illustrative  example  given  above,  the  quasistatic  wing  (Atc>  1) 

falls  off  slowly  with  increasing  |a|tc  owing  to  the  A(R)  =  0  resonances, 

while  the  antistatic  wing  (Aic  <  -1)  falls  off  rapidly  with  increasing 

|a|tc  owing  to  the  lack  of  such  resonances.  A  typical  LAC  profile  is 

shown  in  Fig.  1,  exhibiting  a  power  law  fall-off  with  Atc  for  At^  >  1 

and  an  exponential  fall-off  with  Axc  for  Axc  <  -1.  [If  Up^(R)  decreases 

monotonically  with  decreasing  R,  the  quasistatic  wing  occurs  for 

At  <  -1  and  the  antistatic  wing  for  At  >  l.J 
c  c 

From  this  point  onward,  I  should  like  to  focus  the  discussion  on  the  quasi¬ 
static  wing  of  the  LAC  pro',  iles.  In  the  quasistatic  wing,  it  is  possible 
to  obtain  an  approximate  expression  for  the  LAC  cross  section  using  the 
method  of  stationary  phase.  If  At^>>  1,  the  major  contribution  to  the 
integral  (14)  comes  from  those  values  of  t  =  t  (or  internuclear  separa¬ 
tions  R  =  R  )  for  which  A(R  )  =  0  or,  equivalently,  for  which  ft  *  mn_(R  ). 

o  o  r  1  o 

For  the  energy  levels  shown  in  Fig.  2,  there  are  two  times,  symmetric 
about  t  =  0,  for  which  ft  *  u)pi(R),  provided  that  A  >  0  and  ft  <  a>pI(b0)» 
where  bQ  is  the  A-A'  intemuclear  separation  at  t  *  0.  Neglecting  any  in¬ 
terference  effects  between  the  contributions  from  the  two  crossing  points, 
it  is  possible  to  integrate  Eq.  (3)  by  the  method  of  stationary  phase 
(assuming  Atc  >>  1)  take  its  square  modulus,  and  average  over  impact  para¬ 
meter.  In  that  manner,  using  Eq.  (13)  and  assuming  straight-line  colli¬ 
sion  trajectories,  one  obtains  the  (speed-dependent)  LAC  cross  section 

8|xT(R0)|2  "2r 2 

°  =  vldUFI(Ro)/dRol  ’  (16) 

where  v  is  the  A-A*  relative  speed,  and  R  is  defined  by  ft  ■  w__(R  )  or, 

O  Flo 

equivalently,  by  A  * 

Equation  (16)  could  have  been  predicted  using  dimensional  analysis.  The 

cross  section  depends  on  the  square  of  the  radius  of  excitation  R2  and 

o 

the  square  of  the  product  of  coupling  strength  Xrj(RQ)  times  the  time  spent 
in  the  crossing  region.  The  time  spent  in  the  crossing  region  varies  as 


\ 
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|dUFI(Ro)/dto|  **  =  [v|dUFI(Ro) /dRo(  ]  It  remains  to  specify  xT(R)  and 

III.  Evaluation  of  the  Cross  Section 

In  order  to  calculate  x„(R)  and  U-,(R).  one  must  find  the  quasimolecular 
T  cl 

eigenkets  and  eigenenergies  |E(R)>  and  E(R),  respectively.  To  facilitate 
this  calculation,  it  is  useful  to  recall  Eq.(9),  which  gives  the  "exact" 
time  development  in  the  quasimolecular  basis.  The  transition  from  Eq.  (9) 
to  (10)  was  based  on  Che  assumption  that  the  quasimolecular  states  are 
not  coupled  in  the  absence  of  any  radiation  fields  -  in  other  words,  they 
are  adiabatic  states.  For  the  problem  under  discussion,  the  adiabaticity 
requirement  reduces  to 

Ke(R)tc|  >>  1»  E  *  1  5 

|wfe(R)tcI  »  1,  E  i  F  ;  (17) 

where  E(R)  is  the  eigenenergy  of  an  arbitrary  level  in  the  quasimolecular 
basis.  It  is  assumed  that  the  adiabaticity  conditions  (17)  are  always 
satisfied. 

The  adiabatic  eigenkets  and  eigenenergies  are  solutions  of  Eq.(8);  they 

are  simply  the  eigenkets  and  eigenergies  of  the  Hamiltonian  [H  +H  (r,R)l. 

o  c 

Within  the  context  of  the  model,  the  quantities  E(R)  and  |E(R)>  can  be 
calculated  using  perturbation  theory  in  the  <5 ipaAatzd -atom  basis.  The 
manner  in  which  perturbation  theory  is  applied  depends  critically  on  the 
coupling  matrix  elements  VI£(R)  -  <Hc>1Ert>  or  VFE(R)  “  (HC)FE/B.  In  con¬ 
ventional  "two-state"  theories  of  LAC,  it  is  implicitly  assumed  that 
|VoE(R)|  <<  |„  |  (a  «  I,F).  In  the  modified  "three-state"  theory  of  LAC 
to  be  discussed  below,  it  is  assumed  that  there  is  one  state  D  for  which 
the  inequality  |Vop(R)|  <<  (ct  “  I  or  F)  fails  to  hold.  I  consider 

each  case  separately. 

A.  Conventional  Two-State  Theory 

The  condition  |VaE<R)|  «  |u>aE|  («  -  I.F)  is  sufficient  for  carrying  out 

non-degenerate  perturbation  theory  on  the  Hamiltonian  H  +  H  .  Defining 

o  c 

Vee;<R)  -  lHc(R)]EE,/h, 


(18) 


one  can  easily  obtain 


|  E  (  R)  > 


and 


WR> 

U,EE' 


E'  >, 


(19) 


(20a) 

(20b) 

The  collision-induced  frequency  shift  L’p^(R)  is  given  by 

UpI(R)  -  Up(R)  -  Ut(R)  (21) 


E(R)  =  E  +  U£(R)  , 


with 


|v  .<R)|Z 

U  (R)  »  ^  — - - - 

E’*E  “EE* 


which,  combined  with  (20b),  yields 


ufi(r) 


v  riviin 

E  L  WFE 


iV!E(R)!~  " 

“IE 


(22) 


For  a  dipole-dipole  collisional  Interaction,  V  (R)  [or  V  (R)J  varies  as 

ft  IE 

R  3  and  U  (R)  vafies  as  R~6,  typical  of  a  van  der  Waals  interaction. 


The  value  of  xT(R)  depends  on  the  specific  excitation  scheme.  The  atomic 
energy-level  diagram  appropriate  to  the  CARE  reaction, 

A.  +  Aj,  +  TlO  -»  A±  +  A^  , 

is  shown  in  Fig.  3(a).  The  initial  state  is  |l>  =  |ii’>,  the  final  state 


i 


A 


f' 


i' 


(a)  (b) 


Fig.  3.  Energy  level  diagrams  for  laser-assisted  collisions: 

(a)  CARE  reaction  +  A j  t  +  "Tip.  -*■  A^  +  A£ , 

(b)  LICET  reaction  A^  +  A  j ,  +110  -*■  A^  +  A£f. 
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is  jF>  *  jif’>,.  and  atomic  states  |i*>  and  \  f 1  >  have  opposite  parity.  In 
this  limit,  it  follows  from  Eqs.  (12)  and  (19)  that,  to  lowest  order  in 
the  collisional  interaction,  the  Rabi  frequency  is  independent  of  R.  Ex¬ 
plicitly,  one  finds 

XT  =  <F|?T|x>-?o/2ft 


-  <f|w'|l-,>-E0/2n  •  ai) 

For  a  collisional  shift  operator  U_.T(R)  which  varies  as  R  n  (ni3),  the  CARE 

r  1 


cross  section,  as  given  by  Eq.  (16),  falls  off  as  |a| 
static  wing. 


-a  +  4) 


in  the  quasi- 


The  situation  changes  if  one  considers  the  LICET  reaction- 
Ai  +  A^,  +  fi£2  -  Af  +  Aj,  , 

whose  energy  level  diagram  is  shown  in  Fig.  3(b).  Since  bo-th  atoms  change 
their  internal  states,  it  follows  immediately  that 

<F| uT| 1 >  *  <ffflw  +  u * | ii ' >  *  0  .  (24) 

Thus,  in  contrast  Co  CARE,  the  Rabi  frequency  XyW  given  by  Eqs.  (12) 
and  (19)  vanishes  asymptotically  as  R  ~  The  combined  radiat ive-colli- 

sional  coupling  x^(R)»  obtained  from  Eqs. (12)  and  (19),  is 


(R)  .  y  f tl&L  +  Vkvk;. 
E  L  1£  IE 


V  x 

+  FE*El  + 


FEXEI 
~FE  . 


XEE,  -  <E|;|E'>.£o/2fi; 
XEE’  '  <E  1  “  ’  I  E’  >-Va 


For  a  Rabi  frequency  x^(R)  which  varies  as  R  and  a  collisional  shift 
frequency  Upj.(R)  which  varies  as  R  n  (m,  n  2  3) ,  Che  LICET  cross  section, 

as  given  by  Eq.  (16),  falls  off  as  |a|  ’  U  in  the  quasistatic 


The  results  of  this  sub-sc ?r ion  have  been  categorized  as  those  of  a  "two- 
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state"  theory.  The  label  "two-state"  refers  to  the  separated-atom  basis. 

As  U  ug  as  I V  (R)|<‘|u>  |  (a=  I,F),  all  separated-atom  states  other  than 

qE  a  E 

|  I>  and  |F>  are  negligibly  populated  duA-ing  and  following  the  collision. 
In  other  words,  the  problem  can  be  reduced  to  an  effective  two-state 
problem  in  the  separated-atom  basis.  It  should  be  noted  that,  in  the 
quasimolecular  basis,  the  problem  is  ahoayi,  an  effective  two-level  prob¬ 
lem  involving  states  jl(R)>  and  |F(R)>  provided  the  adiabaticity  con¬ 
ditions  (17)  are  valid. 


B.  Modified  Three-State  Theory 

I  now  consider  the  energy  level  diagrams  shown  in  Figs.  A  and  5.  re¬ 
spectively.  In  both  Fig.  A  (CARE  reaction)  and  Fig.  5  (LICET  reaction), 
there  is  a  single  intermediate  state  |D>  that  is  near  1 v-resonant  with 
either  the  initial  or  final  state.  For  example,  in  Fig.  A,  state 
lD>  *  j  di  *  •*  is  nearly  resonant  with  state  |  F>  *  |if*>  while,  in  Fig.  5(b), 
state  [O’'  =  !fdf>  is  nearly  resonant  with  state  I  I >  * 


The  term  "near ly-resonant "  must  be  made  more  precise.  Since  we  are 
assuming  adiabaticitv  [inequalities  (17)1,  the  detunings  and  u.QF  must 
be  large  enough  to  satisfy 


DI  c1 


DF '  c  1 


(27) 


On  Che  other  hand,  it  is  assumed  that  or  is  sufficiently  small  to 

insure  that  ;V^(R)  i  N  !u»^|  ^  *  =  ^  or  •  In  the  quasistatic  wing,  the 

internuclear  separation  at  which  the  transition  takes  place  if  determined 

bv  Lite  condition  A  =  U  (R  ).  I  f  we  set  V.  (R)  =  L’  (R  ),  tnen,  in  the 
r  I  o  u  r  l  o 

quasistatic  wing,  the  "near ly-resonant"  condition  becomes 

|  u»  |  '  |  A  j  ;  a  =  I  or  F.  (28) 

aD 

In  other  words,  for  a  range  of  detunings 

’•!  ■  klD!  »'  ;  a  =  l  or  F,  (29) 

the  collision  is  both  adiabatic  and  "near ly-resonant " . 


The  collision  is  adiabatic  in  the  sense  that  the  quasimolecular  levels 
are  not  coupled  in  the  absence  of  the  radiation  field.  Since  the  quasi¬ 
molecular  states  go  over  into  the  separated-atom  states  as  R  -  the 
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Fig.  4.  Excitation  scheme  for  the  Care  reaction 

Aj  ,  +  -*■  A^.  +  A*,  ,  in  which  state 

|  D>  *  | di *  >  is  nearly  resonant  with  final 
state  |F>  31  |itf>. 


A  A'  A  A' 

(  c  )  (  d  ) 


Fig.  5.  Various  LICF.T  excitation  schemes  for  the  reaction 

-r  Aj,  +  lift  Aj  +  A^.,.  The  curved  arrows  represent 

the  collisional  coupling  and  the  straight  arrows  the 
radiative  coupling.  The  reactions  proceed  via  an  inter¬ 
mediate  state  which  is  nearly  resonant  with  either  the 
initial  or  final  state. 
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adiabaticity  condition  also  implies  that,  in  the  absence  of  the  radiation 
field,  the  separated-atom  states  are  unchanged  ^O&tOMing  a  collision. 
However,  inequality  (28)  insures  that  |V^p(R) |  >  |w  |  (from  this  point 
onward,  it  is  assumed  that  a  =  I  or  F)  during  the  collision.  This  im¬ 
plies  that  the  coupling  matrix  element  connecting  states  |a>  and  |d>  is 
comparable  to  the  frequency  separation  of  those  states.  Consequently,  it 
is  no  longer  permissible  to  use  non-degenerate  perturbation  theory  to 
calculate  |a(R)>  and  a(R) .  Moreover,  separated-atom  state  |d>  acquires  a 
non-negligible  population  duSLtng  the  collision  (a  population  which 
vanishes  asymptotically  as  R  —  ») .  The  fact  that  it  is  no  longer  a  good 
approximation  to  neglect  state  |d>  population  during  the  collision  is 
the  reason  why  the  modified  theory  is  referred  to  as  a  "three-state" 
theory . 


It  is  now  assumed  that,  owing  to  the  fact  that  state  |D>  is  nearly  re¬ 
sonant  with  state  | 1>  or  |F>.  all  intermediate  states  other  than  state 
|D>  contribute  neglibibly  to  the  CARE  and  LICET  reactions.  For  the  ex¬ 
periments  to  be  discussed  in  Sec.  IV,  this  approximation  is  sufficiently 
accurate  to  illustrate  the  relevant  physical  features  of  the  LAC  cross 
sections.  The  quasimolecular  energy  level  diagrams  corresponding  to 
these  reactions  are  shown  in  Fig.  6.  Figure  6(a)  corresponds  to  the  LICET 


QUASI- MOLECULAR  ENERGY  LEVELS 


Fig.  6.  Quasimolecular  energy  levels  as  a  function  of  A-A'  Inter- 
nuclear  separation  R.  The  asymptotic  values  1,  D,  and  F 
are  the  energies  of  the  composite  atomic  states.  Fig.  6(a) 
corresponds  to  the  LICET  excitation  schemes  of  Figs.  5(a) 
and  5(b),  while  Fig.  6(b)  corresponds  to  the  LICET  excitation 
schemes  of  Figs.  5(c)  and  5(d)  and  to  the  CARE  excitation 
scheme  of  Fig.  4.  For  the  frequency  shown,  the  I(R)  -*•  F(R) 

transition  is  resonant  at  R  ■  R  . 

o 
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excitation  schemes  of  Figs.  5(a)  and  5(b)  while  Fig.  6(b)  corresponds  to 
the  LICET  excitation  schemes  of  Figs.  5(c)  and  5(d)  and  to  the  CARE  ex¬ 
citation  scheme  of  Fig.  4.  The  level  repulsion  of  the  nearly-degenerate 
levels  is  seen  in  these  diagrams. 


The  collision-induced  level  shift  Up^ (R)  *  [wpj(R)  -  ^jl  and  coupling 
strength  X^(R)  must  now  be  calculated  using  non-degenerate  perturbation 
theory  in  the  a-D  subspace,  where 

a  *  I  ;  Figs.  5(a),  (b)  (30a) 

a  *  F  ;  Figs.  4,  5(c),  5(d)  *  (30b) 


To  simplify  the  notation,  I  will  carry  out  the  calculation  for  the  level 
scheme  of  Fig.  6(a);  the  level  scheme  of  Fig.  6(b)  can  be  treated  in  a 
completely  analogous  fashion.  Since  the  only  non-negligible  coupling  is 
between  states  |l>  and  |D>,  it  follows  immediately  that 

|F(R)>  *  |F>  ;  U  (R)  =  0.  (31) 

I* 

If  the  energy  of  state  | I>  Is  set  equal  to  zero,  the  Hamiltonian  (in  fre¬ 
quency  units)  in  the  I-D  subspace  that  must  be  diagonalized  is 


where  V(R)  =  VjDW  “  VDI(R).  T*,e  ei requencies  and  eigenkets  of  the 
Hamiltonian  (32)  are  given  by: 


Uj(R)  -  [uDI  -  u>DI (R)  ] / 2 
wd(R)  *  («DI  +  wDI(R))/2 

and 

| I (R) >  =  cos[ft(R) 1 | l>  +  sin[fl(R)]|D> 
|D(R)>  =  -sin [ B (R) ] I I>  +  cos(n(R)l|D> 

where 

i  r  “di  i  1/2 

sin[0(R)  I  "  -  1 - ^ 


(33a) 

(33b) 

(34a) 

(34b) 

(35) 


and 

“di(r)  ■  Hi2  +  4Iv(r^'2,!s  06) 

The  transition  occurs  at  internuclear  separations  given  by  ft  =  m  (R  ) 

r  1  o 

or,  equivalently,  by 


r 

I 

i 
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A  -  Uf1(Rq)  -  -  .l(Ro)  (37) 

Since  R  is  defined  by  Eq.  (37)  and  since  dU„T(R  )/dR  =  -  dw  (R  )/dR  can 

°  r  i  O  o  I  0  O 

be  evaluated  by  using  Eqs.  (33a),  (36),  and  (37),  Che  only  remaining  quan¬ 
tity  to  specify  is  XT(RQ)- 


In  CARE,  states  | I>  and  |F>  are  directly  coupled  by  the  field.  In  LICET, 
states  | I>  and  ( F>  are  not  directly  coupled  by  the  fields;  rather  it  is 
states  |D>  and  | F>  which  are  coupled  by  the  field  (see  Fig.  5).  It 
follows  from  Eqs.  (12),  (31)  and  (34)  that 


Xt(R)  -  xt(FI)cos[6(R)]  ;  CARE 
Xt(R)  -  xT(FD)sin[9(R)l  ;  LICET 

where 


(38a) 

(38b) 


XT(EE')  -  <  E|  ij t |  E '  > 2fi  . 


(39) 


Combining  Eqs.  (16)  and  (33)  -  (39),  one  obtains  the  LAC  cross  sections 


4lxF(FI)l2  "2«>DI+  A)  ;  CARE  ; 

7w(R~jdv(ri7dFT 

O  O  o' 

4 | xT(fO) | 2  h2r2  a 

°  °  |vV(Ro)dV(Ro)/dRof  ;  LICET  , 

where 

|V(Ro)|  -  (A(wdi  +  A))14  . 


(40a) 


(40b) 

(41) 


For  a  dipole-dipole  collislonal  interaction. 


V(R)  -  -  C/R3,  C  >  0  ;  (42) 

Eqs.  (40)  reduce  to 

4  "2lxT(Fi)l2  I c| 

a  =  3  3/2 ,  nr  ;  CARE’  <43a> 

v  A  (A+wDir 

4  n?|xT(FD)[2  |C| 

a  ~  3  £  ~  3/2  »  LICET  .  (43b) 

To  arrive  at  the  corresponding  result  for  the  level  scheme  of  Fig.  6(b), 
one  simply  replaces  ^  by  wpD  and  x^VD)  by  xT(DI)  in  these  equations. 
wnr  >:>  A,  as  is  commonly  assumed  in  conventional  "two-state"  theories 


\ 
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-3/2  -1/2 

of  CARE  and  LICET,  then  a  ~  A  7  for  CARE  and  o  ^  A  '  for  LICET. 

However,  if  A  =  w  _ »  t*ie  quasistatic  wing  falls  off  more  steeply  than  A 

_k  01 

(CARE)  or  A^  (LICET)  and  the  conventional  two-state  CARE  or  LICET  theories 
are  no  longer  valid.  Since  A  *  in  all  high  resolution  LICET  experiments 
reported  to  date,  it  is  not  surprising  that  the  conventional  theory  fails 
to  satisfactorily  explain  the  data.  On  the  other  hand,  Eq.  (43b),  which 
represents  a  simple  extension  of  the  theory  to  account  for  the  fact  that 
A  and  may  be  of  comparable  magnitude,  provides  very  good  quantitative 
agreement  with  experiment. 

IV.  Comparison  with  Experiment 

I  now  wish  to  compare  Eqs.  (43)  with  some  of  the  available  experimental  data. 

Most  CARE  experiments  are  carried  out  in  the  absence  of  a  nearly-resonant 

intermediate  state.  There  is,  however,  at  least  one  CARE  experiment  that 

should  be  approximately  described  by  Eq .  (43a).  Niemax  [15]  studied  CARE 

on  the  A  -  459.5nra  line  of  Eu  perturbed  by  Sr.  This  reaction  corresponds 

to  Fig.  4  with  cd__  63  cm”1;  a  detuning  range  10  cm”1  <  A  <  200  cm”1  was  re- 
r  U 

ported.  The  quasistatic  wing  exhibited  a  fall-off  for  A  <  50  cm”1 

and  a  A”2  fall-off  for  A  >  50  cm”1,  in  relatively  good  agreement  with  Eq . 
(43a)  (with  replaced  by  wpD) ♦  which  predicts  a  similar  behaviour,  with 
a  crossover  from  A”i,s  to  A”2  behaviour  at  A  -  63  cm”1. 

A  comparison  between  theory  and  experiment  is  presented  in  Fig.  7  for 
Eu-Sr  [101,  Na-Ca  [111,  and  Sr-Li  [12]  LICET  reactions.  The  Eu-Sr  reaction 
corresponds  to  the  level  scheme  of  Fig.  5(b)  with  the  frequency  mismatch 
uiDi  equal  to  -63  cm-1;  a  detuning  range  -55  cm”1  <  A  <  -10  cm-1  was  re¬ 
ported  [10].  The  comparison  between  theory  (Eq.(43b)]  and  experiment 
[(-A)"0*85  dependence]  is  shown  in  Fig.  7(a).  This  experiment  was  re¬ 
cently  repeated  by  Matera  et  al.  [16],  again  showing  good  agreement  with 
Eq.  (43b).  (b)  The  Na-Ca  reaction  corresponds  to  the  level  scheme  of  Fig. 5(d) 

with  o}  *  94  cm-1;  a  detuning  range  A  <  60  cm-1  was  reported  [11].  As 
r  U 

shown  in  Fig.  7(b),  agreement  between  theory  [Eq.  (43b)  with  replaced 
by  and  experiment  [A"°*8  dependence]  is  very  good,  (c)  The  Sr. -Li 

reaction  corresponds  to  the  level  scheme  of  5(d)  with  WpD  =  21  cm”1;  a  de¬ 
tuning  range  A  <  50  cm"1  was  reported  [12J.  A  comparison  between  theory 
and  experiment  is  given  in  Fig.  7(c),  where  the  varying  slope  of  log(o) 
vs  log  (A)  predicted  by  Eq.  (43b)  is  clearly  seen  the  data.  [Equation 


(43b)  is  not  strictly  valid  for  A  <  5  cm-1  since  the  quasistatic  assump¬ 
tion  (At  1)  used  in  its  derivation  fails  in  this  detuning  range  for 
the  Sr-Li  reaction.] 


Fig.  7.  LICET  cross  section  o  (arbitrary  units)  as  a  function  of 

detuning  A(cra“1)  for  energy  defects  (a)  =  63  cm-1  (Eu-Sr), 

(b)  uj  =  94  cm-1  (Na-Ca)  and  (c)  w  =  21  cm”1  (Sr-Li).  The 
F  D  r  D 

point  at  A  =  10  cm”1  is  chosen  to  normalize  the  theoretical 
and  experimental  curves. 


V.  Discussion 


It  has  been  shown  that  the  conventional  "two-state"  theory  of  laser- 
assisted  collisions  (LAC)  is  no  longer  valid  for  detunings  i A |  which  are 
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comparable  with  the  frequency  separation  between  the  initial  state  | I> 

(or  final  state  | F>  )  and  some  intermediate  state  |D>  in  the  CARE  and/or 
LICET  reactions.  In  such  cases  a  "three-state"  theory  of  LAC  is  needed, 
in  which  one  allows  for  state  |d>  to  have  a  non-negligible  population 
during  the  collision.  Since  most  LICET  experiments  have  been  carried 
out  for  a  detuning  range  in  which  the  "three-state"  theory  is  needed,  it 
is  not  surprising  that  the  conventional  two-state  theory  failed  to 
correctly  describe  the  detuning  dependence  in  the  quasistatic  wing.  The 
modified  theory  presented  in  this  review  gives  very  good  overall  agree¬ 
ment  with  experiment.  Although  many  approximations  were  made  in  arriving 
at  the  LAC  cross  sections,  computer  solutions  [14]  of  the  appropriate 
equations  Indicate  that  the  approximations  are  satisfactory  for  the  ex¬ 
perimental  parameters  of  interest. 

The  three-state  theory  can  be  extended  in  a  number  of  ways.  (1)  it  is 
possible  to  formulate  a  strong-field  version  of  the  theory.  This  is 
particularly  important  since  the  strong-field  data  of  Dorsch  at. at.  [12] 
does  not  agree  with  predictions  of  the  conventional  theory.  The  experi¬ 
mental  profiles  do  not  become  symmetric  and  do  not  narrow  with  increasing 
field  strength,  as  predicted  by  the  conventional  theory.  Preliminary 
calculations  [17]  using  the  three-state  theory  do  not  appear  to  resolve 
this  discrepancy.  (2)  The  theory  can  be  extended  to  include  effects  aris¬ 
ing  from  the  magnetic  degeneracy  of  the  levels.  The  coupling  parameter 
V(R)  =  [Hc(R)]  is  replaced  by  a  matrix  which  couples  the  various  mag¬ 
netic  sublevels  of  states  | I>  and  ]D>.  (3)  Finally,  one  can  remove  the 
adiabaticity  requirement  and  allow  population  to  be  transferred  to  the 
nearly-resonant  intermediate  state  | D>  following  a  collision.  In  this 
limit,  the  quasimolecular  states  are  not  necessarily  the  most  convenient 
basis  states  since  they  are  coupled  for  at  least  some  range  of  inter- 
nuclear  separations. 

Acknowledgments 

This  research  was  carried  out  in  collaboration  with  Dr.  Arturo  Bambini 
of  the  latituto  di  Elettronica  Quantistica  del  Consiglio  Nazionale  delle 
Ricerche  in  Florence,  Italy.  The  research  is  supported  by  the  U.S. 

Office  of  Naval  Research. 


731 


References 


1.  V.S.  Lisitsa  and  S.I.  Yakovlenko,  Sov.  Phys.-JETP  35,  759  (1974). 

2.  S.  Yeh  and  P.R.  Berman,  Phys.  Rev.  A19 ,  1106  (1979). 

3.  L.I.  Gudzenko  and  S.I.  Yakovlenko,  Sov.  Phys.-JETP  ^5,  877  (1972). 

4.  Ph.  Cahuzac  and  P.E.  Toschek,  Phys.  Rev.  Lett  3>6 ,  462  (1978). 

5.  For  reviews  of  CARE  and  LICET  containing  additional  references,  see 
the  following  articles:  S.I.  Yakovlenko,  Sov.  J.  Quant.  Electron. 

8,  151  (1978);  S.  Yeh  and  P.R.  Berman,  Ref,  2;  M.G.  Payne,  V.E. 
Anderson  and  J.E.  Turner,  Phys.  Rev.  A20,  1032  (1979);  P.R.  Berman 
and  E.J.  Robinson  in  V hoton-Ait-isted  CoLLUioni  and  KeJtatid  Topiu, 
edited  by  N.K.  Rahman  and  C.  Guidotti  (Harwood,  Chur,  Switzerland, 
1982)  pp.  15-33;  P.R.  Berman,  J.  de  Physique  46,  Cl-11  (1985). 

6.  See,  for  example,  J.L.  Carlsten,  A.  Szoke  and  M.G.  Raymer,  Phys.  Rev. 

A 15,  1029  (1977);  A.  Corney  and  J.V.M.  McGinley,  J.  Phys.  B14,  3047 
(1981);  W.J.  Alford,  N.  Andersen,  K.  Burnett,  and  J.  Cooper,  Phys. 

Rev.  A30,  2366  (1984),  and  references  therein. 

7.  The  first  LICET  experiments  were  those  of  Falcone  ej:.  al .  [R.W. 
Falcone,  W.R.  Green,  J.C.  White,  J.F.  Young,  and  S.E.  Harris,  Phys. 
Rev.  Al^,  1333  (1977)]  and  Cahuzac  and  Toschek  (Ref.  4).  The  first 
several  years  of  LICET  experiments  are  reviewed  in  S.E.  Harris,  J.F. 
Young,  R.W.  Falcone,  W.R.  Green,  D.B.  Lidow,  J.  Lukasik,  J.C.  White, 
M.D.  Wright  and  G.A.  Zdasiuk  in  Atomic  Pht/ticA ,  Vol.  7,  edited  by 

D.  Kleppner  and  F.M.  Pipkin  (Plenum,  New  York,  1981)  pp .  407-428;  a 
somewhat  more  recent  experiment  is  that  of  B.  Cheron  and  S.  Mosaddak , 
Opt.  Comm.  54^,  7  (1985). 

8.  For  a  review  of  this  subject  area  containing  additional  references, 
see  K.  Burnett,  Phys.  Reps.  118,  339  (1985).  See,  also.  P.S. 

Julienne  and  F.H.  Mies,  Phys.  Rev.  A34 ,  3792  (1986),  and  references 
therein . 

9.  The  theory  of  polarization  effects  in  LICET  is  discussed  in  P.R. 
Berman,  Phys.  Rev.  A22 ,  1838,  1848  (1980);  P.R.  Berman,  J.  de  Physique 
46,  Cl-11  (1985).  An  experiment  to  measure  polarization  effects  in 
LICET  was  carried  out  by  Ddbarre  (A.  Ddbarre,  J.  Phys.  B15,  1693 
(1982)]. 

10.  C.  Brechignac,  Ph.  Cahuzac,  and  P.E.  Toschek,  Phys.  Rev.  A21 ,  1969 
(1980);  A.  Debarre ,  J.  Phys.  B15,  1693  (1982). 

11.  A.  Debarre,  J.  Phys.  B16,  431  (1983). 

12.  F.  Dorsch,  diploma  thesis.  University  of  Hamburg,  1986  (unpublished); 
F.  Dorsch,  S.  Geltman,  and  P.E.  Toschek,  Phvs.  Rev.  A37,  2441  (1988). 

13.  A.  Bambini  and  P’.R.  Berman,  Phys.  Rev.  A35 ,  3753  (1987). 

14.  A.  Agresti,  P.R.  Berman,  A.  Bambini  and  A.  Stefanel,  Phys.  Rev.  A38 
(1988) 

15.  K.  Niemax,  Phys.  Rev.  Lett.  55,  56  (1985). 


732 


f 

f 

'1 

■r 

i 

i 

i 

i 

i 

* 

i 

* 

I 


J 


16.  M.  Matera,  M.  Mazzoni,  R.  Buffa,  S.  Cavalieri  and  E.  Ariraondo,  Phys. 
Rev.  A36,  1471  (1987). 

17.  A.  Bambini  (private  communication). 


•i 


